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Introduction
Spectral sensing technology provides an assessment of the spectral signature reflected off a target in a wide range of spectral wavelengths beyond human vision, and has been applied in precision agriculture for nondestructive estimation of plant and soil properties to improve quality and productivity. Biological and chemical properties of plant and soil are assessed by observing spectral responses of leaf cuticles and soil particles via reflectance or transmittance. Leaf transmittance is observed by a device such as a SPAD chlorophyll meter (Minolta Co., Japan) that measures the light transmittance of two light emitting diodes at 650 nm and 940 nm through a small portion of the leaf. Leaf reflectance is more commonly used for plant spectral sensing and allows for a substantially larger number of plants to be monitored, thereby potentially reducing variability.
Spectral sensing technology has been applied to many different aspects of plant and soil sensing applications such as the effect of leaf water content (Perez-Priego et al., 2005; Sonmez et al., 2008) , chlorophyll (Sui et al., 2005; Kim and Reid, 2006) , disease West et al., 2003) , fruit quality (Lu and Ariana, 2002) , yield estimation (Yang et al., 2004) , and soil property characterization (Morra et al., 1991) in various sensing platforms from indoor laboratory to outdoor satellite remote sensing. Although studies proved the concept and potential use of spectral sensing, their sensors work in limited conditions and still need improvement to cope with illumination changes and bidirectional effects.
Proper lighting is a critical factor for any type of spectral sensing devices, since sensors collect incoming light energy through lenses and convert it to the spectral signature of the target. Several field studies have documented the effects of changing sun angle on vegetation canopy reflectance. Ranson et al. (1985) explored the effects of sun and view angles on reflectance factors from corn canopies and found a strong effect of solar zenith angle on leaf reflectance. Tumbo et al. (2000) reported that the correlation between spectral reflectance and chlorophyll content of corn plants significantly decreased with variable solar irradiance. Kim and Reid (2007) described ambient illumination effects on a spectral image sensor and compensated for the non-linearity of the solar irradiation under diurnal changes of solar zenith angles.
An active spectral sensor transmits modulated light in certain wavebands and detects only the modulated radiation reflected from a target. Thus, it measures the spectral signature consistently regardless of ambient lighting conditions. The active spectral sensor, the GreenSeeker, was introduced by Beck and Vyse (1995) and extensively evaluated by Stone et al. (1996a and 1996b) for real-time optical sensing and application of variable rate nitrogen (N) fertilization. Other researchers continued examining the potential of increasing or maintaining yield with decreased N amount by site-specific application based on active sensors in both large field scale and small 1-m 2 scale research plots .
Although the active sensor uses modulated radiation that can be differentiated from ambient illumination, in order to validate data and increase the accuracy, sensor characteristics must be well understood and examined under possible target conditions of plant leaves. The objectives of this paper are to evaluate the performance of an active spectral sensor and identify the effect of different target conditions. These evaluations provide a valid range of sensor measurements and a motivation to improve the measurement accuracy by using selective data that can be validated by supplemental sensors.
Materials and Methods
An active spectral sensor (GreenSeeker™, NTech Industry Inc., Ukiah, CA) is a radiometer that generates light at two specific wavelength, Red at 660 nm ± 12 nm and near-infrared (NIR) at 770 nm ± 12 nm. It measures the light reflected from the target and calculates the normalized difference vegetation index (NDVI) as shown in Eqn.
(1).
( 1) where ρ NIR and ρ VIS are the spectral reflectance of NIR and visible red wavebands, respectively.
The sensor is designed to be located at a distance of 81 cm to 122 cm from the target with 61 cm line scan width (Fig. 1) . The calculated data from the sensor are transmitted via RS-232 serial communication into a computer with a scan rate of up to 50 Hz (NTech Industries, Inc., 2007). The sensor was reported to be unaffected by moderate contamination and partially offset by heavy contamination when soil was dusted on the lens surface (OSU, 2003) . The performance of an active spectral sensor was evaluated to study the effect of: 1) partial canopy coverage, 2) target off-center, 3) standoff distance, 4) target surface tilting, 5) solar bidirectional effect, 6) temperature and illumination, and 7) diurnal radiation change. Experiments 1 to 4 were conducted in a room with 18°C temperature and 58% relative humidity, while experiment 6 was carried out in a growth chamber with controllable light and temperature. Experiments 5 and 7 were implemented outdoors under solar radiation recorded by a pyranometer (Silicon, Spectrum Technologies Inc., Plainfield, IL).
A test for illumination effects on the active spectral sensor was prepared to verify the robustness of sensor response against external illumination sources in various light intensities. The sensor was tested both indoors and outdoors. The indoor test was to validate the stability of the active illumination source of the sensor. The outdoor test was to determine the effect of changes of ambient light intensity and temperature on sensor response such as conditions of day vs. night and sunny vs. cloudy. Two side-by-side sensors were installed outdoors with nadir view angle under ambient illumination.
Experiments and Results
The experiments were conducted at the Pennsylvania State University (PSU) -Fruit Research and Extension Center (FREC) in Biglerville, PA for the experiments 1 to 5 and 7, and the USDA-ARS Appalachian Fruit Research Station in Kearneysville, WV provided an indoor chamber for experiment 6. Target leaves used for the experiments were taken from young apple trees and attached onto a 100 cm × 10 cm board. The active spectral sensor was mounted on a camera tripod at a side-view of the target leaves.
Experiment 1) Partial canopy coverage:
We measured NDVI responses of target leaves at the standoff distance of 100 cm with varying percentages of leaf coverage from 0 to 100% full coverage (Fig. 2a) . We found that an acceptable range of leaf coverage is 30-100% with a standard deviation of 0.012.
Experiment 2) Target off-center:
We measured NDVI responses of minimum leaf coverage of 30% target leaves (attached on a 30 cm × 10 cm board) at the standoff distance of 100 cm with varying off-center target locations from -50 cm to 50 cm in 10 cm increment (Fig. 2b ). An acceptable range of the off-center for 30% leaf coverage target was determined to be within ±15 cm from the center with a standard deviation of 0.019.
(a) (b) Figure 2 . NDVI sensor evaluation at 100 cm standoff distance under (a) varying percentages of leaf coverage (acceptable ranges from 30% to 100%) and (b) varying off-center locations of 30% leaf coverage target (acceptable ranges within ±15 cm from the center).
Experiment 3) Standoff distance:
We measured NDVI responses of target leaves with varying standoff distances from 30 cm to 260 cm in 20 cm increment (Fig. 3a) . The acceptable range of the standoff distance was determined to be 100-180 cm with a standard deviation of 0.026.
Experiment 4) Target surface tilting:
We measured NDVI responses of 50%-covered target leaves (attached on a 50 cm × 10 cm board) with varying tilting angles from 0° to 70° in 10° increment (Fig. 3b ). An acceptable range of the tilting angle was at 0-50° with a standard deviation of 0.020.
(a) (b) Figure 3 . NDVI sensor evaluation under (a) varying standoff distances (acceptable range is 100-180 cm) and (b) varying tilting angles (acceptable range is 0-50°).
Experiment 5) Solar bidirectional effect:
We measured NDVI responses of target leaves (attached on a 100 cm × 10 cm board) mounted on a goniometer at the standoff distance of 100 cm with varying bidirectional angles between illumination source (solar radiation) and the NDVI sensor from 0° to 60° in 10° increment of solar zenith angle (Fig. 4) . There was no significant effect observed within 0-60° zenith angle as indicated by the limited variation in NDVI responses (standard deviation of 0.007; Fig. 4 graph) , while solar radiation decreased gradually. Figure 4 . NDVI sensor evaluation under varying bidirectional angles resulted in no significant effect when the zenith angle changes within 0-60°.
Experiment 6) Temperature and illumination:
We measured NDVI sensor responses to changes in ambient illumination and temperature. The experiment was simulated and conducted in a chamber (Fig. 5 ). Data were collected under three different experiment setups: i) varying temperature of the NDVI sensor body using a hot pad jacket under constant light intensity (Fig.  6a) ; ii) varying temperature of the target (i.e. air) using a chamber's thermostat under constant light intensity (Fig. 6b) ; and iii) varying light intensity using on/off light bulbs inside the chamber under constant temperature (Fig. 6c) . The results indicated that NDVI responses were similar and stable across the three sets of test conditions (Fig. 6 ). That is, no significant effects due to changes in temperature or artificial illumination were observed. Very low intensity in NIR beyond 700 nm of the incandescent lights (M400/U and LU400/ECO, Sylvania) used in the chamber might have provided insufficient NIR light intensity and minimized the effect on the NDVI responses. Figure 5 . Chamber experiment setup for the effect of illumination and temperature on the NDVI sensor.
(a) (b) (c) Figure 6 . NDVI responses to changes in (a) NDVI sensor body temperature, (b) target temperature, and (c) light intensity.
Experiment 7) Diurnal solar radiation:
We measured NDVI sensor response to the effect of diurnal solar radiation. The experiment was conducted at PSU-FREC with two NDVI sensors looking down at a grass surface. The sensors were 113 cm from the ground and 238 cm apart between the sensors (Fig. 7a) . Temperature and relative humidity were recorded every minute. Data were collected under two different setups: one with the NDVI sensor under solar radiation and the other with the NDVI sensor under a tarp i) covering both the sensor and target (Fig. 7b) for 24 hours on July 7 th , 2009, and ii) covering only the target, with the sensor exposed outside of the tarp (Fig. 7c) The results demonstrate that the NDVI response is reduced when the solar radiation is increased (Fig. 8a ). There was also variation observed when cloudy conditions reduced solar radiation values (Fig. 8a) . Maximum deflections in NDVI values due to the diurnal solar radiation were 0.07 (day 1) and 0.08 (day 2), which could be a considerable variation in detection of early stages of plant stress. When the sunlight intensity is highest at solar noon, it increased reflectance energy in both NIR and Red wavebands and thus decreased NDVI values, which was also observed by Suarez et al. (2008) . Ranson et al. (1985) reported maximum reflectance, when the sun and sensor directions coincided. They noticed a moderate increase in reflectance beyond solar zenith angle of approximately 30 degrees on either side of noon and attributed the response to the presence of specularly reflected light, which was apparent to the naked eye as shiny spots on the surface of the leaves.
NDVI responses under solar radiation were inversely correlated to the solar radiation with R 2 = 0.74 for day 2 under both sunny and cloudy conditions (Fig. 8b) . The R 2 increased to 0.86 if the data from the cloudy periods were removed. The NDVI responses under the tarp demonstrated relatively smooth and slight increase on both days, which indicated that solar radiation is suspected for the changes in the NDVI response in the exposed grass surface. The slight increase of NDVI values for the sensor under the tarp needs further investigation to identify the cause. The similar NDVI responses on both sensors whether shaded or exposed eliminated the effect of sensor body temperature changes. Possible causes can be a daily-based internal biological process of the leaf that slightly changes leaf pigments and increases NDVI readings. 
Conclusion
This study evaluated an active spectral sensor, GreenSeeker, which uses active lighting sources and estimates the normalized different vegetation index (NDVI) with red and nearinfrared (NIR) spectral wavebands. The sensor was extensively evaluated under different illumination and target conditions and indentified for a valid range of sensor measurements, requiring 30 -100% leaf coverage, ±15 cm off-center for 30% leaf coverage, 100 -180 cm standoff distance, and 0 -50° tilting angle. Differences of the NDVI value were not observed within 0-60° solar zenith angles. There were no significant effects on the senor due to changes in temperature and artificial illumination in a chamber. The illumination effect is one of the major variables that must be considered for any type of optical sensor. The effect of changes in ambient lighting on sensor responses was also investigated by evaluating stability and repeatability of sensor responses on fixed target leaves under different illumination conditions in an indoor chamber and outdoor field. The active spectral sensor uses an internal modulation system to transmit lighting source and receive reflectance, thus other external illumination sources should have minimal effect on the NDVI measurements. Experiments illustrated a decreased NDVI response up to 0.08 near solar noon. NDVI responses under solar radiation were inversely correlated to the solar radiation level, R 2 = 0.74 or 0.86 if only sunny conditions were considered. These results provide a guideline to understand the sensor performance and improve the measurement accuracy.
